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BODIESOFREVOLUTIONATA WK!HNUMBEROF3.12

By JohnR. JackandN. S.Diaconis

SUMMARY

An investigationwasmadeata Machnumberof3.12todeterminethe
effectsofheattransferonboundary-layertransition.Wta wereob-
tainedfora conecylinderanda parabolic-nosedcylinderatReynolds
numbersup to12X106basedonbodylength.Theresultsshowthatcool-
ingthecone-cylindermodeltoa wall-to-free-streamstatic-temperature
ratioofapproMmately1.4increasedthetransitionReynoldsnumberfrom
a valueofabout2.0x106at equilibriumto10.6x106.Fortemperature
ratioslessthan1.4,theboundary-layerflowwaslaminarovertheentire
model.TherapidincreaseoftransitionReynoldsnumberwithsmallreduc-
tionsintemperaturerationear1.4indicatedthattemperatureratios
slightlylowermayresultina laminarboundarylayerforveryhighReyn-
oldsnumbers.Fortheparabolic-nosedbody,thetransitionReynoldsnmn-
berwasabouttwicethatofthecone-cylindermodeloverthetemperature
rangeinvestigated.

INTRODUCTION

Oneofthemostseriousproblemsconfrontingtoday’sdesignersof
supersonicvehiclesisthelargetemperatureriseassociatedwithfric-
tionalheating.Thisdifficultyisnotonlyimportantwithrespectto
maintainingstructuralintegrity,butalsowithrespecttomeetingthe
necessaryrequirementsforhumancomfort.Thus,eventhoughsomerelief
canbe expectedthroughradiativecooling,designsmustincorporatesome
formoftemperaturecontrolforcontinuousflightathighsupersonic
speeds. –.

Theamountof coolingrequiredwilldependlargelyontheetientto
whichtheboundary-layerflowislaminarorturbulent.Theoreticalanal-
yses(refs.1 and2)indicatethatthestabilityandextentofthelam-
inarflowmaybe increasedby removingheat. Infact,theoryshowsthat
by removinga sufficientamountofheat,thelaminarflowmaybe com-
pletelystabilizedforallReynoldsnumbersanda specifiedl&chnumber

.— >- ——-. . .—-.——- .-— —.. —. -..-—--- — -- ..—— —. — ———



.—. —.—. — .—-— -—_—— ..-— — -.—— .——

2 NACATN 3562

range.Asa result,a markedeffectof surfacecoolingonthelocation
oftransitionfromlaminartoturbulentflowisexpected.Experimental
data(ref.3)havedemonstratedtheeffectivenessof coolingindelay-
ingtransitionata Mch nwnberof1.61.However,littleexperimental
dataareavailableconcerningthisphenomenonathigherMachnumbers
andinthetemperaturerangewhichtheory(ref.2)predictswouldpro-
videcompletelsminarboundary-layerstability.A summary offactors
otherthansurfacetemperatureaffectingtheextentofthelaminar
boundarylayermaybe foundinreference4.

An investigationhasbeeninitiatedat theNACALewislaboratory
to evaluatetheeffectsofheattransferon severalbodiesof-revolu-
tionata Machnumberof3.12.Themodelswereeitherpreheatedtoa
maximumwall-to-free-streamstatic-temperatureratioof4.4orpre-
cooledtoa minimumtemperatureratioof0.70.Thisvalueof0.70faKls
intheregionof infinitelaminarstabilityto smll disturbancesas
predictedby reference2. Theexperimentaltransitionresultsobtained
froma conecylinderanda parabolic-nosedcylinderat zeroangleof
attackandforReynoldsnumbersup to12x106basedonmodellengthare
includedherein. -A
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Thefollowingsymbolsareusedinthisreport:
P - P.

pressurecoefficient,—
%

specificheatof skinmaterial,Btu/(lb)(%)

local.heat-transfercoefficient,Btu/(sec)(sqft)(9F)

localstaticpressure

free-streamstaticpressure

free-streamdynamicyressure

free-streamReynoldsnumber
u~

transitionReynoldsnumber,—
Vo

equilibriumwalltemperature,OR

walltemperature,%
4,
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‘o stagnationtemperature,%

t time,sec

‘o free-streamstatictemperature,%

‘o free-streamvelocity

w specificweightofwallmterial,lb/cuft

x axialdistance,in.

‘o free-streamkinematicviscosity

Subscripts:

i zerotime

t transition

x basedonaxialdistance

APPARATUSANDDATAREDUCTION

TheinvestigationwasconductedintheLewis1-by l-footsuper-
sonicwindtunnel,whichoperatesata Machnumberof3.12.Thistun-
nelisa continuousflow,nonreturntypeoperatingat inletpressures
of 6 to52poundspersquareinchabsolute.Thestagnationtemperature
oftheinletairmaybe.variedfromapproximately50°to170°F. These
conditionsyielda rangeoffree-streamReynoldsnumberperfootof
lXl& to8X106.ForthisReynoldsnumberrange,thecorrespondingaxial
turbulenceintensitymeasuredaheadofthenozzlethroatata Machnum-
berof0.12isa~roximatelyl.Oto 0.5percent(ref.5). Thetunnel
stagnationdewpointwasabout-35°F atalltimes.

Sketchesofthemodelsinvestigatedandtheirinstrumentation
schedulesarepresentedinfigure1. Eachmodelwasconstructedof
K-monelwitha wallthicknessof1/16inch.Inan efforttominimize
surfaceroughnessasa variable,thesurfaceof eachmodelwasground
andpolisheduntilthemaximumroughnesswaslessthan16microinches.
Eachmodelwasinstrumentedwithcalibratedcopper-constantan
thermocouples.

!, Thetheoreticalwall-pressure
presentedinfigure2. Thesewere

—.

distributionsforthetwomodelsare
calculatedusingthesecond-order
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theoryreportedinreference6. Thecone-cylindermodelhada very
strongfavorablepressuregradientatthejuncturebetweentheconeand
thecylinder.Theparaboliccylinder,however,hada favorablepres-
suregradientoverthefirst58percentofitslength.Bothmodels
havea smalladversegradientoverthecylintiicalsection.

Preheatingorprecoollngofthetestmodelwasaccomplishedby
enclosingthemodelina setofshoes(fig.3(a))andpassinghotair
orliquidnitrogenintotheshoesandoverthemodelsurface.Thefluid g
usedtoprecool(orpreheat)themodelwasexhaustedthroughthebaseof
theshoes.Photographsofthecone-cylindermodelwithshoesalongtun- $’
nelwallandinplacearegiveninfigures3(a)and(b),respectively.
Theshoescouldbe operatedwhilethetunnelwasrunning.Foranygiven
test,theshoeswereplacedoverthemodelafterthedesiredtunnelcon-
ditionshadbeenreached.Themodelwasthenprecooled(orpreheated)
by passingliquidnitrogen(orheatedair)throughtheretraction
struts. OncethedesiredwalIltemperaturewasobtained,theshoeswere
snappedbackagainstthetunnelwalJ_sby meansofaircylinders(fig.
3(b)).Thetransienttemperaturedistributionswerethenobtainedwith
a multiple-channelrecordingoscillograph.Temperaturesobtainedin .
thisma&er arebelieved

Localheat-transfer

to be accurate-withinz20F.

coefficientswerefoundfromtheequation

(1)

12nplicitintheuseofequation(1)aretheassumptionsthattheheat
lossesdueto conductionandradiationaresmall.Theseeffectswere
calculatedandfoundtobe negligible.

Thestartoftransitionisusuallyassociatedwithan abruptin-
creaseinthelocalheat-transfercoefficientfroma laminartothe
higherturbulentvalue(fig.4(a)).Associatedwiththisabruptincrease
inthelocalheat-transfercoefficientare(1)a suddenincrease(for
thecooledmodel)inthetimerateof changeoftemperature(fig.4(b))
and(2)a sharpdecrease(fortheheatedmodel)intheaxialtemperature
distribution(fig.4(c)).Forthisinvestigation,thesuddenincrease
inthetimerateof changeoftemperaturewasgenerallychosenasthe
stat oftransition,sinceitrequiredtheleastnuniberof computations.
However,fortheheatedmodelcase,thischangeinthetimerateof
changeoftemperaturewasnotappsrent
wasfoundfromthelocalheat-transfer
odswerecheckedby plottingtheaxial

andthelocationoftransition
coefficients.Bothofthesemeth-
temperaturedistributions. ,.

L
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RESULTSANDDISCUSSION

Theeffectontransitionof surfacecooling
rizedinfigure5 fortwobodiesofrevolution.

5

orheatingis sunnua-
Coolingthecone-

cylindersurfacetoa temperature-differenceratioof-0.45increased
thetransitionReynoldsnuniberfroma valueofapproximately2x106at
equilibriumto10.6x106.Thisvalueof10.6x106correspondstothe
highestavailableReynoldEnumberandthelastthermocouplelocation.
Heatingthemodelsurfacetoa temperature-differenceratioofapprox-
imately0.53decreasedthetransitionReynoldsnumberfromabout2.0x106
at equilibriumto 0.8&106.Betweentheextremeheatingandcooling
valuesthevariationappearstobe continuousandunifomn.Therateof
changeofthetransitionReynoldsnumberwithtemperature-difference
ratioismuchlargerforcoolingthanforheating.ThetransitionReyn-
oldsnumbervsriationpresentedinfigure5 wasobtainedby varyingstag-
nationtemperatureandstagnationpressure.Yet,forthesamemodel,
substantiallya singlecurveisobtained.Thus,itappearsthatReyn-
oldsnumber,andnot,forexample,densitylevel,istheimportantparam-
etercharacterizingboundary-layertransition.

Thecold-walldataobtainedfromtheparabolic-nosedmodelexhibit
thesamegeneraltrendasthoseofthecone-cylindermodel.Moreimpor-
tantly,however,thedatademonstratetheeffectofa favorablepressure
gradient(fig.2). Fora giventemperature-differenceratio,thetran-
sitionReynoldsnumberfortheparabolic-nosedmodelisapproximately
twicethatforthecone-cylinderbody. Thisisnotsurprising,since
two-dimensionalstabilitytheorypredictsthata favorablepressuregra-
dientincreasestheboundary-layerstabilityand,consequently,less
coolingisrequired(refs.4 and7).

At thehighestReynoldsnumberperfoot,turbulentflowwasindi-
catedby thedatarecordedatthelastthermocoupleontheparabolic-
nosedmodel.Thisresultmaybe spurioussincedataonthecone-cylinder
showedlaminarflowatthesamepoint.Perhapsextraneouseffectssuch
astunneldisturbancesorlocalsurfaceabrasionsinitiatedthisearly
transition.

A comparisonoftheexperimentaltransitionReynoldsnumberwith
thetheoreticalstabilitycalculationsfora cone(convertedfromflat-
platevaluesby Mangler’stransformation)-isgiveninfigure6. Fortem-
peratureratiosgreaterthanabout1.7,theobservedtransitionReynolds
numberisconsiderablyhigherthanthetheoreticalReynoldsnumberfor
initialinstability.Thisbehaviorisas expected,becausethetheoret-
icalminimumcriticalReynoldsnumberindicateswhendisturbanceswill
firstbe amplified,andnotwhentransitionoccurs.

Forterriperatureratiosbelow1.7,thetheorypredictsthattwo-
dimensionaldisturbancesareneveramplified;theflowisthusstable
forallReynoldsnumbers,andtransitionwouldnotbe expected.The
experimentalresults,however,indicatethatthetemperatureratiofor
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●

whichtransitionisdelayedtoveryhighReynoldsnumbersis1.4,rather
than1.7. Thedifferencebetweenthesevaluesmaybe accountedfor,in . .
part,by includingthree-dimensionaldisturbancesinthestabilityanal-
ysis. Forexample,competitionsmadeinreference8 ata tichnumberof
4.0indicatethatallthree-dimensionaldisturbances,exceptthosehaving
directionangleslargerthan74.3°,arestabilizedata temperatureratio
of 1-474.TheestimatedminimumcriticalReynoldsnumberforthelatter
disturbanceswasfoundtobe approximatelyl@2. Consequently,froma
practicalstandpoint,a temperatureratioof1.474wouldstabilizethe
boundarylayerata Wch numberof4.0. Itisexpectedfromtheanal-
ysisofreference8 thatthetheoreticalstabilizingtemperatureratio
fora Machnumberof3.12wouldbe slightlylessthan1.474;therefore,
theexperimentalvalueof1.4appearstobe infairagreementwith
theory.

SUMMARYOFRESULTS c

An investigationoftheeffectsofheattransferonboundary-layer
transitionontwobodiesofrevolutionat zeroangleofattackandfor

.

Reynoldsnunibersupto12x106basedonmodellengthhasgiventhefollow-
ingresults:

1. Coolingthecone-cylindermodeltoa wall-to-free-streamtemper-
atureratioof1.4increasedthetransitionReynoldsnumberfroma value
ofapproximately2X106at equilibriumto10.6x106.Fora wall-to-free-
streamtemperatureratiobelowapproximately1.4,resultsindicatethat
perhapsthelaminarboundarylayerwouldbe stableforveryhighReyn-
oldsnnmbers.

2.Fortherangeoftemperatureratiosinvestigatedtheeffectof
thefavorablepressuregradientona parabolic-nosedbodywasapprox-
imatelyto doublethetransitionReynoldsnumberobtainedfora cone-
cylindermodel.

LewisFlightPropulsionLaboratory
NationalAdvisoryComnitteeforAeronautics

Cleveland,Ohio,Julyll,1955
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